Abstract. The barotropic responses of the west Florida continental shelf to idealized upwelling favorable alongshore and offshore wind stresses are studied using the threedimensional, time-dependent, primitive equation Princeton Ocean Model (POM). When forced with uniform winds, the shelf circulation evolves quickly to a quasi steady state. A southeastward alongshore wind lowers sea level along the coast and drives a southeastward coastal jet with a relatively weak northwestward return flow farther offshore. A southwestward offshore wind lowers sea level along the west Florida coast and raises sea level along the Panhandle coast. Two independent circulation gyres are set up in association with these regionally different sea level distributions: an anticyclonic gyre off the west Florida coast consisting of a southeastward coastal jet and a broad return flow over the middle shelf and a cyclonic gyre off the Panhandle coast consisting of a strong northwestward coastal jet and an adjacent narrow southeastward undercurrent. These gyres are separated by the Big Bend region. In both cases (alongshore and offshore wind forcing) the circulations are fully three-dimensional, with opposing surface and bottom boundory layer flows accounting for the across-shelf transports. The shapes of the coastline and the isobaths are important determinants of the shelf-wide responses. Several locally maximum upwelling regions are identified for geometrical reasons. These include the Panhandle coast south of Apalachicola Bay, the west Florida coast south of Tampa Bay, along the Florida Keys, and at the shelf break where topographic Rossby waves are evident.
jet that, in turn, effects the bottom Ekman layer transport necessary to complete the across-shelf transport circuit. The across-shelf scale of the response is therefore a frictional scale set by the turbulence. Additional three-dimensional effects, including countercurrents at midshelf, then evolve on longer timescales by virtue of the WFS geometry. Section 5 describes the sensitivity of the results to the model turbulence parameterization and wind stress magnitude. Section 6 then offers a summary and discussion. Dynamical analyses that quantify the spatially varying momentum balances are developed separately by Z. Li Relative to the many applications of numerical circulation models on continental shelves, those specific to the WFS are limited, this despite the fact that the Gulf of Mexico Loop Current is extensively studied [e.g., Blumberg and Mellor, 1985; Oey, 1995] . used a linear, two-dimensional, steady state model with realistic coastline and bathymetry to examine the barotropic sea level response of the shelf to constant, uniform wind forcing from different coordinate directions. The model gave realistic sea surface slopes, trapped to the coast with an e-folding scale consistent with the arrested topographic wave scales of Csanady (1978) and Winant [1979] . Hsueh et al. [1982] added time dependence to a linear, twodimensional model to study the barotropic sea level and circulation responses of the WFS to constant, uniform wind forcing directed either alongshore or offshore but with simplified geometry. Idealized time-dependent forcing typical of a wintertime cold front was also analyzed. This model produced sea level fluctuations at the coast in reasonable agreement with observations, and it generated topographic Rossby waves at the shelf break. The offshore scale of the sea level fluctuations was much smaller than a barotropic Rossby radius of deformation and similar to that found by Marmotino [1982] . As vertically integrated models, neither of these was able to explore the kinematics of the circulation, its vertical structures leading to cross-isobath transports, or the dynamics involved. Cooper [1987] employed a linear baroclinic model using a Galerkin scheme in the vertical but with coarse resolution and unrealistic geometry. Several experiments were performed, including responses to idealized seasonal forcing. Although direct comparisons with observations were minimal, the differences between the near-surface and near-bottom flows suggested that three dimensionality is important to describe the redistribution of mass that occurs as the shelf adjusts to changes in wind forcing.
Princeton Ocean Model Application
Building upon the work of Marmodno [1982] , Hsueh et al. [1982] , and Cooper [1987] , we sought increased horizontal resolution to realistically represent the coastline and bathymetry and improved vertical flow field structure to resolve the mechanisms of mass adjustment. Thus we set out to perform similar constant, spatially uniform wind-forced experiments, but with a fully three-dimensional, time-dependent, primitive equation model that could be further modified to include more complicated forcing functions and baroclinicity. The Princeton Ocean Model (POM) described by Blumberg and Mellor [1987] was selected for this purpose. The model has several important features. First, it has an embedded turbulence closure submodel Yamada, 1974, 1982; Galpetin et al., 1988] for parameterizing the vertical turbulent eddy coefficients. Second, it employs a sigma coordinate in the vertical, which, with the turbulence closure submodel, is well suited to study the nonlinear dynamics over a shallow, gently sloping continental shelf. Finally, orthogonal curvilinear coordinates in the horizontal are convenient since the isobaths generally tend to run parallel to the coastline over much of the WFS. There are numerous successful applications of the POM to estuarine and continental shelf circulation studies, such as the works of Blumberg and Mellor (1985) , Ezer and Mellor [1994] , Miller and Lee [1995a, b] , and Allen et al. [1995] .
The POM equations governing the conservation of mass and momentum under a hydrostatic approximation, using orthogonal curvilinear coordinates (•, s) horizontally and a sigma coordinate (cr) vertically, are provided below. Equations for potential temperature and salinity conservation are omitted because they are not active in this barotropic study. Table 1 defines the various symbols, and the turbulence closure submodel is discussed in the appendix. 
Southeastward Alongshore Wind Experiment
An initial value problem is performed from a state of rest by applying a spatially uniform, time-independent wind stress of magnitude 1 dyn cm -2 oriented 150 ø relative to true north.
Spin-Up and Sea Surface Elevation
The spin-up phase proceeds rapidly over the course of a pendulum day, after which the model slowly approaches a quasi steady state. trates to deeper depth. These basic differences can all be attributed to the intensity of the coastal jet and hence the acrossshelf transports bought about by the bottom Ekman layer.
Offshore Wind Experiment
This experiment investigates the response of the WFS to a wind stress that is rotated 90 ø clockwise from the previous case.
It has the same magnitude (1 dyn cm-2), and, directed 240 ø with respect to true north, it is offshore with respect to the west Florida coast. As in the previous case, a constant, spatially uniform wind stress is applied as an initial value problem from a state of rest.
Spin-Up and Sea Surface Elevation
The model again spins up rapidly (Figure 9 ) by a classical Ekman response, redistributing mass and leading to a coastally confined surface deformation and an associated coastal jet. The shape of the coastline renders the overall response patterns for the surface deformation and the depth averaged currents (Figure 10 coastlines exist relative to the winds, a bifurcation results in the flow field. As is the case for the alongshore winds, return flows farther offshore take longer to establish.
Flow Field on Sigma Surfaces
Horizontal velocity field maps sampled on day 12 for the depth average (Figure 11a) 
Other Experiments
While the focus of this paper is on upwelling favorable wind-forced responses, we also performed a companion set of experiments for the cases of downwelling favorable winds directed either alongshore toward the northwest or onshore. The wind stress magnitudes are the same, only the directions are reversed. For completeness, the horizontal velocity fields on different sigma levels for these downwelling favorable alongshore and onshore winds are shown in Figures 15 and 16 , respectively. By comparing Figures 15 and 4, or Figures 16 and  11 , it is found that equal but oppositely directed winds yield nearly equal but oppositely directed currents (or surface slopes) under a barotropic setting. To facilitate a better understanding of the model behavior, six sensitivity experiments, as summarized in Table 3, Regardless of the vertical eddy coefficient choice, the basic These model experiments are an initial element of a stepwise approach to in situ data collection and modeling aimed at furthering our understanding of the circulation's role in practical WFS environmental issues. The WFS supports highly productive commercial and recreational fisheries for which the Big Bend has particular significance (C. Keonig, personal communication, 1997). Pathways of larval transport between offshore spawning and nearshore juvenile development regions require explanation. The region south of Tampa Bay is known to be a "red-tide" epicenter region [Tester and Steidinger, 1997] that may also have a basis in the circulation. Through a coordinated use of in situ data and modeling we hope to achieve a quantitative framework in which to address such material property questions. 
